Transcription factor IIF (TFIIF) is a protein allosteric effector for RNA polymerase II during the initiation and elongation phases of the transcription cycle. In initiation, TFIIF induces promoter DNA to wrap almost a full turn around RNA polymerase II in a complex that includes the general transcription factors TATA-binding protein, TFIIB, and TFIIE. During elongation, TFIIF also supports a more active conformation of RNA polymerase II. This conformational model for elongation is supported by three lines of experimental evidence. First, a region within the RNA polymerase II-associating protein 74 (RAP74) subunit of TFIIF (amino acids T154 to M177), a region that is critical for isomerization of the preinitiation complex, is also critical for elongation stimulation. Amino acid substitutions within this region are shown to have very similar effects on initiation and elongation, and mutagenic analysis indicates that L155, W164, N172, I176, and M177 are the most important residues in this region for transcription. Second, TFIIF is shown to have a higher affinity for rapidly elongating RNA polymerase II than for the stalled elongation complex, indicating that RNA polymerase II alternates between active and inactive states during elongation and that TFIIF stimulates elongation by supporting the active conformational state of RNA polymerase II. The deleterious I176A substitution in the critical region of RAP74 decreases the affinity of TFIIF for the active form of the elongation complex. Third, TFIIF is shown by Arrhenius analysis to stimulate elongation by populating an activated state of RNA polymerase II.
In transcriptional initiation by multisubunit RNA polymerases, "isomerization" is a progression of conformational changes in DNA, RNA polymerase, and the general transcription factors that leads to formation of an open complex capable of forming phosphodiester bonds (8) . In Escherichia coli, promoter DNA bends around RNA polymerase holoenzyme in the upstream promoter region and again around the ϩ1 region of the promoter as the template passes through the RNA polymerase active site (28) . In the vicinity of positions Ϫ5 to ϩ15, the DNA is buried within a processivity sliding clamp made up of evolutionarily conserved domains of the RNA polymerase catalytic subunits ␤ and ␤Ј (26) (27) (28) . E. coli RNA polymerase and promoter DNA progress through a series of conformational intermediates in the initiation mechanism (5, 36) involving DNA bending (25, 30) , DNA wrapping around RNA polymerase (9, 28, 33) , helix untwisting (1, 15) , closing of the sliding clamp around the DNA (26) (27) (28) , and separation of DNA strands for initiation (8) . A mammalian homolog of E. coli RNA polymerase, RNA polymerase II, which functions in concert with the general transcription factor TATA-binding protein (TBP) and transcription factor IIB (TFIIB), TFIIF, TFIIE, and TFIIH, appears to function in initiation by a very similar mechanism, involving DNA bending and wrapping, closing of a processivity sliding clamp, and helix untwisting prior to open complex formation (8, 20, 32, 34) .
TFIIF is an ␣ 2 ␤ 2 heterotetramer of the RNA polymerase II-associating protein 74 (RAP74) and RAP30 subunits (6, 12, 13, 21, 42) . TFIIF binds to RNA polymerase II in solution and helps deliver RNA polymerase II to the promoter (7, 13, 19) . In a preinitiation complex formed on the adenovirus major late promoter, RAP74 helps to wrap DNA almost a full turn around RNA polymerase II and the general transcription factors (34) . RAP74 develops or tightens specific contacts between promoter DNA and RAP30, TFIIE, and RNA polymerase II (14, 34, 35) . The RAP74 subunit of TFIIF has been suggested to stimulate helix untwisting for initiation, because RAP74 mutants that are defective in preinitiation complex isomerization appear to be partially complemented in initiation by supercoiling of the DNA template (32) . TFIIF, therefore, may have a role in isomerization of the preinitiation complex, causing helix untwisting prior to formation of the open complex. From a DNA template that is not negatively supercoiled, separation of DNA strands requires at least one of the helicase subunits of TFIIH (40) , so helix untwisting may precede strand separation in the normal course of RNA polymerase II initiation.
In addition to its activities in RNA polymerase II recruitment, isomerization, and initiation, TFIIF stimulates the rate of elongation by RNA polymerase II (3, 4, 16, 18, 22, 31, 39) . TFIIF decreases the dwell time by RNA polymerase II at pause sites or possibly at all nucleotide addition sites. TFIIF has not been reported to alter the pattern of pause sites by RNA polymerase II, indicating that TFIIF may not interact directly with the RNA polymerase catalytic center but rather may have a less direct effect on elongation rates. Both the RAP74 and RAP30 subunits are required to stimulate elongation (18, 22, 39) . In this paper, we report that mutants within the N-terminal domain of the RAP74 subunit of TFIIF have remarkably similar effects on initiation and elongation. We advance a number of arguments for the conclusion that TFIIF stimulates elongation by stabilizing an activated conformation of the elongation complex.
MATERIALS AND METHODS
Initiation assays. Initiation assays were done as previously described (32) . An extract derived from the nuclei of human HeLa cells (purchased from the National Cell Culture Center, Minneapolis, Minn.) was used as the source of transcription factors. TFIIF was removed from the extract by immunoprecipitation with anti-RAP74 and anti-RAP30 antibodies. Activity was reconstituted by addition of human recombinant TFIIF or a TFIIF mutant. The buffer for tran-scription reactions consisted of 12 mM HEPES, (pH 7.9), 12% (wt/vol) glycerol, 0.12 mM EDTA, 0.12 mM EGTA, and 1.2 mM dithiothreitol and contained 60 mM KCl and 12 mM MgCl 2 . The template for transcription was plasmid pML, carrying the adenovirus major late promoter from position Ϫ258 to ϩ196. The template was digested with endonuclease SmaI at position ϩ217 relative to the transcription start site. Recombinant TFIIF, extract, and DNA template were combined for 60 min at 30°C. For the initiation data shown in Fig. 4A , transcription was initiated with 100 M (each) ATP, CTP, and GTP and 5 Ci of [␣-
32 P]UTP (0.25 M) for 1 min. For the data shown in Fig. 4B , transcription was initiated with 100 M (each) ATP and CTP and 0.25 M [␣-
32 P]UTP for 1 min. After pulse labeling, reactions were chased for 30 min with 1 mM (each) ATP, CTP, GTP, and UTP in the presence of 0.25% Sarkosyl.
Immobilized DNA templates for elongation assays. All of the templates used in these experiments contained the adenovirus major late promoter. Templates were synthesized by PCR with an upstream biotinylated primer. Biotinylated DNA was bound to paramagnetic streptavidin beads (Vector Laboratories, Inc., Burlingame, Calif.) (2, 22, 23) . For the experiments represented by Fig. 1  through 4A and 5A, the upstream primer was 5Ј-biotin-CCCTCGAGCGGTGT TCCGCGGTCCTCCTCG-3Ј, the downstream primer was 5Ј-GTGCTCATCA TTGGAAAACGTTCTT-3Ј, and the template for PCR was plasmid pML, containing the natural adenovirus major late promoter from position Ϫ263 to ϩ196 relative to the transcriptional start site (ϩ1). The DNA amplification product extends from position Ϫ263 to ϩ1250. For the experiment represented by Fig.  5D , the upstream primer was 5Ј-biotin-ACGACAGGTTTCCCGACTGGAAA GC-3Ј, the downstream primer was 5Ј-GGTGTGAAATACCGCACAGATGC GT-3Ј, and the template was pML20-42 (the kind gift of Donal Luse) (38) . Plasmid pML20-42 is useful to generate a template for synthesis of the defined U20 elongation complex, in which transcription is stalled at position ϩ20, with a uridine base at the 3Ј position. The template extended from position Ϫ300 to ϩ300. For the experiments represented by Fig. 5C and 6, the upstream primer was 5Ј-biotin-ACGACAGGTTTCCCGACTGGAAAGC-3Ј, the downstream primer was 5Ј-GAGTACTCAACCAAGTCATTCTGAG-3Ј, and the template was pML20-42. The resulting amplification product extends from position Ϫ300 to ϩ1000. For the experiment represented by Fig. 7 , the upstream primer was 5Ј-biotin-ACGACAGGTTTCCCGACTGGAAAGC-3Ј, the downstream primer was 5Ј-GAGTACTCAACCAAGTCATTCTGAG-3Ј, and the template was pML20-49 (the kind gift of Donal Luse). Plasmid pML20-49 differs from pML20-42 in that pML20-49 contains a G-less cassette from position ϩ24 to ϩ120 downstream of the adenovirus major late promoter (38) . The resulting amplification product extends from position Ϫ300 to ϩ1087. This template is also convenient for synthesizing the U20 complex.
Elongation assays. The source of transcription factors was an extract derived from human HeLa cells. Immobilized DNA template and extract were combined and incubated for 60 min at 30°C. For the experiments represented by Fig. 1 through 4A and 5A, transcription was initiated with a 1-min pulse of 100 M (each) ATP, CTP, and GTP and 0.5 M [␣-
32 P]UTP. To form the U20 complex for the experiments represented by Fig. 5C, 5D , 6, and 7, transcription was initiated with a 10-min pulse of 1 mM ApC dinucleotide, 10 M deoxy-ATP, 100 M UTP, and 10 Ci of [␣-
32 P]CTP, followed by a 10-min chase with 100 M CTP (38) . Complexes were then washed twice with 500 l of transcription buffer containing 1% Sarkosyl, 0.5 M KCl, and 1 mg of bovine serum albumin per ml to remove nascent elongation and termination factors and twice with 500 l of transcription buffer containing 60 mM KCl and 1 mg of bovine serum albumin per ml. Beads were collected with a magnetic particle separator. Complexes were resuspended in an appropriate volume of transcription buffer containing 60 mM KCl and 12 mM MgCl 2 and subaliquoted into individual 20-l samples. TFIIF or a TFIIF mutant was added to the reaction mixtures, as indicated in the figure legends. Elongation was continued by addition of 1 mM (each) ATP, CTP, UTP, and GTP. Elongation reactions were at room temperature, except for the experiment represented by Fig. 7 , in which the temperature for elongation was varied. Reactions were stopped by addition of 200 l of 0.1 M sodium acetate (pH 5.4), 0.5% sodium dodecyl sulfate, 2 mM EDTA, and 100 g of yeast tRNA per ml. Samples were then extracted with phenol-chloroform and precipitated with ethanol. Samples were electrophoresed in a 10% polyacrylamide gel containing 50% (wt/vol) urea and Tris-borate-EDTA buffer. Gel images were analyzed with a Molecular Dynamics PhosphorImager.
RESULTS
To measure the effect of TFIIF on elongation rate, RNA polymerase II elongation complexes were formed on immobilized templates (Fig. 1) . In an extract derived from HeLa cell nuclei, transcription was accurately initiated from the adenovirus major late promoter with a 1-min pulse of 100 M (each) ATP, CTP, and GTP, and 0.5 M [␣-32 P]UTP. Transcription elongation complexes, generally containing RNA chains shorter than 50 nucleotides, were washed free of elongation and termination factors with buffer containing 1% Sarkosyl and 0.5 M KCl. Complexes were reequilibrated with transcription buffer, and a saturating amount of TFIIF was added to the indicated reaction mixtures. TFIIF stimulated the elongation rate about fivefold ( Fig. 1 ; compare lane 6 with lanes 11 and 12). TFIIF has been proposed to reduce the dwell time of RNA polymerase II at pause sites. RNA polymerase II was found to pause at similar positions whether or not TFIIF was present in the reaction mixture.
A series of deletion mutants in the RAP74 subunit of TFIIF was tested for the ability to stimulate elongation (Fig. 2) . TFIIF containing the deletion mutant RAP74(1-217) (i.e., RAP74 consisting of amino acids 1 to 217) consistently stimulated elongation slightly better than did wild-type (wt) TFIIF. TFIIF containing RAP74(1-205) had reduced activity in elongation. RAP74(1-172) was further reduced in activity, and RAP74(1-136) was inactive. RAP74(1-136) is the only one of the mutants that does not form a stable complex with the RAP30 subunit of TFIIF (41, 43) . RAP30 alone (Fig. 2 , lanes 11 and 12) and RAP74 alone (data not shown) failed to stimulate elongation. This experiment shows that amino acids 136 to 217 of human RAP74 are very important for stimulating elongation. This is an interesting result, because the same region of RAP74 has previously been shown to be critically important for initiation (22, 32) .
To analyze TFIIF mutants, a quantitative elongation rate assay was developed for RNA polymerase II (Fig. 3) . Sarkosyland salt-washed elongation complexes were prepared, a saturating amount of a TFIIF sample was added, and elongation was continued with 1 mM (each) nucleoside triphosphate (NTP) for 15, 30, or 60 s. RNA polymerase II is active in elongation in the absence of TFIIF (Fig. 3, lanes 2 to 4) . In the presence of wt TFIIF (lanes 5 to 7) the rate of elongation was stimulated five-to sixfold. A PhosphorImager was used to determine the average length of transcripts in each gel lane, and this value was plotted versus the elongation time (Fig. 3B) . The slope of the line is reported as the average elongation rate. Quantitation of elongation rates was precise within each experiment and consistent between independent experiments. The R 2 value for the slope of the line varied between 0.99 and 1.0. Variation between experiments for a TFIIF sample was less than 10%. The calculated rate for wt TFIIF, present in every gel, was used to scale data between experiments.
The elongation rate assay ( Fig. 3 ) was used to analyze a large set of site-directed mutations constructed in the N-terminal domain of RAP74 between amino acids 136 and 217 (Fig. 4A) . Construction of these mutants and characterizations of their activities in initiation were described previously (32) . In Fig.  4A , the activities of these mutants in the elongation rate assay are compared to their activities in a pulse-chase assay that depends primarily on initiation. In the pulse-chase protocol shown in Fig. 4A , transcription was initiated by addition of 100 M (each) ATP, CTP, and GTP and 0.25 M [␣-
32 P]UTP for 1 min. To block new initiation, Sarkosyl was added to 0.25%, and transcripts were elongated in the presence of 1 mM (each) NTP. To confirm that the pulse-chase protocol depends primarily on productive initiation, the assay was repeated for selected samples with a protocol that utilized a pulse with 100 M ATP and CTP and 0.25 M [␣-
32 P]UTP for 1 min (Fig.   4B ). Because GTP was omitted from the reaction mixture, elongation was blocked beyond C10 (5Ј-pppACUCUCUUCC-3Ј) prior to addition of G11. The results of the pulse-chase assays were very similar whether three or four NTPs were included in the pulse protocol ( Fig. 4B ), indicating that both protocols primarily measure accurate initiation rather than early elongation. Furthermore, we have shown that the RAP74 L155A and I176A mutants are defective in formation of the
Identification of a region of RAP74 that is critical for elongation stimulation. TFIIF or a TFIIF mutant, containing the indicated RAP74 deletion, was added to elongation complexes as described in the legend to 32 P]UTP, followed by a 30-min chase with 1 mM (each) NTP and 0.25% Sarkosyl (32) . The average of duplicate determinations is reported. The average elongation rate of mutants was estimated as described in the legend to Fig. 3 . An asterisk ‫)ء(‬ indicates that a TFIIF mutant was constructed in RAP74(1-217) rather than in wt RAP74. (B) To confirm that the pulse-chase protocol primarily depends on initiation rather than early elongation, the procedure was repeated for select TFIIF samples with a pulse of 100 M (each) ATP and CTP and 0.25 M [␣-
32 P]UTP, followed by a 30-min chase with 1 mM (each) NTP and 0.25% Sarkosyl (shaded bars). Samples were done in triplicate, and error bars represent standard deviations. The data shown for the four-NTP-pulse protocol (open bars) is from Fig. 4A . (C) Summary of mutagenic analysis, primarily considering single amino acid substitutions. Positions at which mutations showed transcriptional defects are shaded. Darker shading indicates a more severe defect, as described in the text. The predicted alpha-helix from A157 to K183 is indicated by a box below the sequence. An alignment of human and Drosophila RAP74 (17) is shown at the bottom to indicate the extent of evolutionary conservation. Darker shading indicates amino acid identity; lighter shading indicates amino acid similarity. Drosophila RAP74 can functionally replace human RAP74 in stimulating elongation and in supporting accurate initiation (18) . first phosphodiester bond from the adenovirus major late promoter (32) .
Mutations throughout the region of RAP74 between amino acids 136 and 217 have startlingly similar effects on both elongation rate and initiation (Fig. 4A) . In order to compare RAP74 mutants using these assays, we assigned the following descriptions of TFIIF mutants. For elongation, a "severe" defect is defined as an average elongation rate of 149 to 225 nucleotides per min, a "moderate" defect is defined as an average elongation rate of 239 to 276 nucleotides per min, and a "slight" defect is defined as an average elongation rate of 298 to 399 nucleotides per min. The average rate of elongation for wt TFIIF was determined to be 500 nucleotides per min at room temperature. The average rate of elongation for the RAP74(1-217) deletion mutant was determined to be 528 nucleotides per min. For initiation, severe, moderate, and slight defects are defined as 17 to 23%, 33 to 43%, and 50 to 76% of wt activity, respectively. The RAP74(1-217) mutant was determined to have 72% wt activity in initiation. Mutants denoted with an asterisk (see below) were constructed in RAP74(1-217), so in the initiation assay, these mutants should be compared to the RAP74(1-217) mutant. By this classification scheme, mutants with transcriptional defects were detected between amino acids F138 and E193. These data are summarized in Fig. 4C .
Substitutions between amino acids F138 and R153 had no detectable effect on elongation. The F138A, P139A, V140A, W143A, and Y144A substitutions, however, caused slight defects in initiation (57 to 76% wt activity). These residues may be involved directly or indirectly in interactions with the RAP30 subunit of TFIIF, because the inactive RAP74(1-136) deletion mutant fails to interact with the RAP30 subunit (41, 43) . Substitutions between amino acids T154 and M177 affect both elongation and initiation. The overlapping sequence between amino acids A157 and K183 is predicted by PHD analysis (37) to form an alpha-helix (Fig. 4C) . Of the single amino acid substitution mutants tested, the L155A, W164A, N172A, I176A, and M177A substitutions caused the greatest defects in transcription, and these positions are highlighted in Fig. 4C . The average elongation rates of these mutants varied between 149 and 179 nucleotides per min. These values should be compared to the rates for the RAP74(1-158) (154 nucleotides per min) and RAP74(1-172) (178 nucleotides per min) deletion mutants and the no-TFIIF control (94 nucleotides per min). In initiation, the L155A, W164A, N172A, I176A, and M177A mutants varied between 17 and 33% wt activity. The N172A mutant had a moderate defect in initiation (33% wt) but a severe defect in elongation (179 nucleotides per min). The L155A, W164A, I176A, and M177A substitutions at hydrophobic residues have activities very similar to the RAP74(1-158) and RAP74(1-172) deletion mutants in both elongation rate stimulation and initiation. The L155, W164, N172, I176, and M177 side chains, therefore, appear to be the most important in the F138-to-E215 region for transcriptional functions. A string of glutamic acids, 158-EEAEEE-163, appears to be important for both elongation and initiation. The 158K2 (E158K, E159K) and 161K3 (E161K, E162K, E163K) charge-reversal substitutions have severe defects in elongation (204 and 182 nucleotides per min) and initiation (26 and 32% wt). Substitutions of individual glutamates with alanines had little effect on elongation except at the E159 position, at which a moderate defect was observed (298 nucleotides per min). Single alanine substitutions at any of the five glutamates affected initiation, and the greatest effects were observed at positions E159 (43% wt) and E163 (42% wt). The negative charge in the E158-to-E163 region of RAP74, therefore, appears to contribute to transcription. A positively charged cluster (166-RRNK-169) appears to be important in transcription. 166E3* (R166E, R167E, K169E) is severely defective in elongation (154 nucleotides per min) and initiation [22% wt, 30% of RAP74(1-217)]. The 167A3* (R167A, N168A, K169A) mutation, however, which preserves positive charge at R166, has a moderate defect in elongation (239 nucleotides per min) and initiation [33% wt, 46% of RAP74 (1-217) ]. R166A did not show a notable defect in elongation (489 nucleotides per min) but showed a slight defect in initiation (60% wt). R167A and N168A showed moderate defects in elongation (249 and 276 nucleotides per min, respectively) and slight defects in initiation (65 and 63% wt). V170A* showed a moderate defect in both elongation (260 nucleotides per min) and initiation [39% wt, 54% of RAP74(1-217)]. L171A* showed no defect in elongation but a slight defect in initiation [50% wt, 69% of RAP74 (1-217)]. H173A and F174A have slight to moderate defects in elongation (239 and 372 nucleotides per min) and slight defects in initiation (69 and 68% wt). The region from amino acid Q179 to E193 appears to be more important for elongation than for initiation. The mutants in this region are triple amino acid substitutions constructed in the RAP74(1-217) deletion. Mutants 179A3*, 184K3*, 188K3*, and 191K3* have slight to severe defects in elongation rate stimulation (244, 204, 399, and 304 nucleotides per min). None of these mutants appear to have a significant defect in initiation compared to RAP74 (1-217). These triple substitutions significantly alter the charge within the Q179-to-E193 region, which may account for the defects of these mutants in elongation. Triple substitutions may disrupt the predicted helical structure between amino acids A157 and K183. This disruption may be more deleterious to an elongation reaction in which RNA polymerase II, TFIIF, DNA, and RNA are expected to be the only significant macromolecular components. The initiation system contains many additional basal and regulatory factors that could influence the activity of TFIIF. The major conclusion from this mutagenic analysis is that the region of RAP74 between amino acids T154 and M177 is very important for both elongation rate stimulation and initiation and that most mutations within this and the surrounding region have strikingly similar effects on elongation and initiation. TFIIF (20 pmol) was added to reaction mixtures for the elongation assays represented by Fig. 1 to 4A , because this was determined to be close to a saturating level (Fig. 5A and B) . By contrast, for initiation, 1 to 2 pmol of TFIIF was sufficient to saturate the assay mixture (32) , indicating that interactions between general factors and TFIIF might enhance recruitment of TFIIF to the initiation complex. Addition of 60 pmol of TFIIF or more did not inhibit elongation (Fig. 5B and data not  shown) .
Because 20 pmol of TFIIF or more was necessary to saturate the assay, TFIIF appeared to have a low affinity for the elongation complex. Furthermore, previous experiments have indicated that TFIIF can dissociate from elongation complexes (29, 44) . We therefore tested whether the stimulatory effect of TFIIF would withstand washing of the bead template (Fig.  5C ). Elongation complexes were formed, stalled at position ϩ20 downstream of a modified adenovirus major late promoter. These complexes are referred to as U20 complexes (5Ј-ACUCUCUUCCCCUUCUCUUU-3Ј), because the 3Ј end of the RNA is a UMP residue. U20 complexes were incubated in the absence or presence of TFIIF or in the presence of TFIIF mutants. Complexes were washed extensively with transcription buffer containing 60 mM KCl and 1 mg of bovine serum albumin per ml, and the activity of washed complexes in elongation was compared to unwashed complexes. Some beads were lost in the washing process, but no difference was observed in TFIIF stimulation after washing ( Fig. 5C ; compare lanes 2 to 6 with lanes 8 to 12). Once TFIIF was incorporated into the complex, therefore, it appeared to remain associated.
We considered the possibility that the apparent commitment of TFIIF to the bead template might be due to an experimental artifact. Specifically, TFIIF bound to the magnetic beads might provide a pool of the factor for stimulating elongation throughout the reaction time course even as TFIIF was continuously exchanged on and off the elongation complex. To eliminate this possibility, U20 elongation complexes were incubated in the presence or absence of wt TFIIF. Complexes were washed free of excess TFIIF and then separated from beads by digestion with EcoRI endonuclease, which cleaves the DNA at position Ϫ130 upstream of the transcriptional start (Fig. 5D ). Because the template was immobilized with an upstream biotinylated primer, digestion with EcoRI released the elongation complex from the beads. In the presence of TFIIF, about 50% of complexes were released from the beads (Fig. 5D ; compare lane 6 with lanes 7 and 8). The bead-associated and free fractions of elongation complexes were separated, and NTPs were added for 30 s. TFIIF stimulated elongation even after washing of complexes with buffer and separation of complexes from the magnetic beads. TFIIF therefore remained committed to the elongation complex even when complexes were subjected to significant dilution.
We next determined whether commitment of TFIIF to elongation complexes could be demonstrated in a competition experiment between wt TFIIF and a defective mutant (Fig. 6) . We reasoned that if TFIIF were fully committed to the elongation complex, no exchange of wt and mutant TFIIF would be observed. The data in Fig. 6A , however, show that some exchange is possible between TFIIF samples bound to RNA polymerase II elongation complexes. Addition of 5 pmol of wt TFIIF before addition of 5 pmol of the I176A mutant produced the same stimulation of elongation as did addition of wt TFIIF with no competitor (Fig. 6A; compare lanes 3 and 6) . However, addition of 50 pmol of I176A after 5 pmol of wt Release of DNA from beads does not reduce TFIIF stimulation of elongation. U20 elongation complexes were incubated in the presence or absence of TFIIF and washed two times with 200 l of transcription buffer. EcoRI was used to release the U20 elongation complex from the beads. F, supernatant (free) fraction; B, bead fraction. TFIIF stimulates elongation from both free and bead-associated DNA templates.
TFIIF reduced stimulation, indicating that, when added at a 10-fold molar excess, the I176A mutant could partially displace wt TFIIF (Fig. 6A; compare lanes 3, 6, and 7) . Additionally, wt TFIIF can displace the I176A mutant. When the I176A mutant was added first for 5 min, followed by addition of wt TFIIF, the level of stimulation was the same as when wt TFIIF was added first (Fig. 6A; compare lanes 6 and 8 and lanes 7 and 9) . On the stalled elongation complex, therefore, wt and mutant TFIIF molecules can be exchanged. wt TFIIF appears to be preferentially incorporated into the complex, at least during elongation, because even with a large excess of the I176A mutant the level of stimulation observed is more similar to that expected of wt TFIIF than of the I176A mutant ( Fig. 6A ; compare lanes 3, 5, 7, and 9).
Because wt TFIIF appeared to interact somewhat more strongly with the elongation complex than did the I176A mutant but exchange was possible when the mutant was added in excess, we considered the possibility that wt TFIIF might have a higher affinity for the rapid elongation complex than does the I176A mutant. Exchange might occur on the stalled elongation complex, but wt TFIIF might have an advantage in the competition for the rapid elongation complex. To test these ideas, an experiment was designed to examine exchange of wt and mutant TFIIF during elongation (Fig. 6B) . The strategy was to saturate elongation complexes with either wt or mutant TFIIF. After addition of the first TFIIF sample, elongation complexes on beads were either washed with buffer to remove excess TFIIF (lanes 14 to 21) or not washed (lanes 2 to 13). At 15 s FIG. 6 . wt TFIIF has a higher affinity than mutant TFIIF for the rapid elongation complex. (A) Competition for the stalled elongation complex. The reaction scheme is shown above the gel. wt or mutant TFIIF was added to U20 elongation complexes. After 5 min, a competitor TFIIF sample was added, as indicated (5 or 50 pmol). After an additional 5 min of incubation, 1 mM (each) ATP, GTP, CTP, and UTP were added for 30 s. The order of addition of wt TFIIF and the I176A mutant did not affect competition, demonstrating that both wt and mutant TFIIF can exchange on the stalled elongation complex. Exchange was observed with a 10-fold molar excess of I176A competitor but was not apparent at molar equivalence of wt and I176A TFIIF. (B) Competition for the rapid elongation complex. The reaction scheme is shown above the gel. When RNA polymerase II elongation complexes were saturated with wt TFIIF, followed by addition of NTPs, and then the I176A mutant was added as a competitor, elongation was not noticeably inhibited (lanes 10, 11, 16, and 17; compare to control lanes 5 and 9). When RNA polymerase II elongation complexes were saturated with the I176A mutant, followed by addition of NTPs, and then wt TFIIF was added as a competitor, elongation was stimulated (lanes 12, 13, 20, and 21; compare to control lanes 6 and 8). These data show that wt TFIIF rapidly displaces the I176A mutant during elongation but that the I176A mutant is unable to noticeably displace wt TFIIF during elongation. Some control samples were chased for 45 s, because a 45-s chase provided a more reasonable comparison to a particular experimental sample. The amounts of proteins added are indicated (10 or 40 pmol).
after beginning the elongation phase of the reaction, the competing TFIIF sample was added and elongation was continued for an additional 45 s. We reasoned that if wt TFIIF had a higher affinity than the I176A mutant for the rapid elongation complex, wt TFIIF would displace the mutant, resulting in an enhanced elongation rate. When wt TFIIF was added to the complex first, mutant TFIIF would not be observed to displace wt TFIIF from the elongation complex and the elongation rate would not be noticeably inhibited.
Indeed, wt TFIIF does have a higher affinity for the rapid elongation complex than does the I176A mutant. When wt TFIIF was the first protein added to the elongation complex, mutant TFIIF did not appear to displace wt TFIIF after elongation had commenced ( Fig. 6B ; compare lanes 10 and 11 with lanes 5 and 9). Removal of excess wt TFIIF by washing of complexes with buffer did not enhance the ability of the mutant to compete (Fig. 6B; compare lanes 16 and 17 with lanes 9 and  14) . Once rapid elongation began, therefore, wt TFIIF was not noticeably displaced by the I176A mutant. Conversely, wt TFIIF displaced the I176A mutant during elongation, even when the complexes were not washed to remove excess mutant protein ( Fig. 6B ; compare lanes 12 and 13 with lanes 8 and 6). wt TFIIF rapidly displaced the I176A mutant and stimulated elongation, as if no I176A mutant protein had been added. These experiments demonstrate that wt TFIIF has a higher affinity than the I176A mutant for the running elongation complex, although wt and mutant TFIIF can exchange on a stalled elongation complex (Fig. 6A) . In the Discussion (below), competition experiments are interpreted in terms of a model for RNA polymerase II elongation.
The average rate of elongation from U20 complexes was measured at 23, 30, 37, and 42°C (Fig. 7) . Determinations were done for RNA polymerase II in the absence of TFIIF or in the presence of wt TFIIF or mutant TFIIF containing the deleterious I176A substitution. RNA synthesis was in the presence of 1 mM (each) NTP, so elongation rates were not limited by the availability of substrates. The apparent K m for NTPs is approximately 100 M and is not affected by the presence of TFIIF in the reaction mixture (data not shown). TFIIF stimulates elongation strongly at each of the temperatures tested, and the I176A mutant has activity that is intermediate between the wt TFIIF-stimulated and unstimulated rates. In this experiment, elongation rates were also determined at 15°C (data not shown). In the presence of wt TFIIF, RNA polymerase II was weakly active at 15°C (1.6 nucleotides [nt]/s) but apparently inactive in the presence of the I176A mutant or in the absence of TFIIF.
The temperature dependence of a rate constant can be used to derive the activation energy for a reaction and the "frequency factor" (5, 10, 36). The frequency factor relates to the fraction of molecules in a population that are properly oriented with substrates to catalyze the reaction. In the context of RNA polymerase II, this is the fraction of molecules that are in an activated state for elongation. When the temperature dependence of the elongation rate is displayed as an Arrhenius plot (Fig. 7B ) (log average elongation rate versus the reciprocal of the absolute temperature in kelvins), the average activation energy can be evaluated from the slope of the line (slope ϭ ϪE A /R, where E A is the activation energy and R is the gas constant) and the frequency factor can be evaluated from the y-coordinate intercept (log A, where A is the frequency factor). No deviations from linearity were observed in the Arrhenius plot within the temperature range of 23 to 42°C, indicating that the rate-limiting step in catalysis did not change over this temperature interval. The slopes of the three lines in the Arrhenius plot are very similar to one another, demonstrating that the average activation energy for elongation (5.5 kcal) does not change in the presence or absence of TFIIF. The y-coordinate intercept, however, does change, showing that TFIIF increases the frequency factor. In the absence of TFIIF, the frequency factor is 2.8 ϫ 10 9 s
Ϫ1
. In the presence of wt TFIIF, the frequency factor is 10.8 ϫ 10 9 s Ϫ1 . In the presence of the I176A mutant, the frequency factor is 5.3 ϫ 10 9 s Ϫ1 . We conclude that TFIIF stimulates elongation by maintaining RNA polymerase II in a more active conformation for elongation and that the I176A mutant is defective in maintaining the isomerized state of the elongation complex. TFIIF does not appear to stimulate elongation by affecting the catalytic steps in RNA synthesis. If TFIIF did have a direct effect on catalysis, the average activation energies in the presence and absence of TFIIF would be different. FIG. 7 . TFIIF stimulates the elongation rate of RNA polymerase II by increasing the fraction of active elongation complexes rather than by altering the catalytic mechanism. (A) The average elongation rate of U20 complexes was determined at 23, 30, 37, and 42°C in the absence or presence of TFIIF or the strongly defective I176A mutant. (B) The data shown in panel A are displayed as an Arrhenius plot of the log average elongation rate versus the reciprocal of the absolute temperature (in kelvins). In the presence of TFIIF, the slope of the Arrhenius plot (ϪE A /R, where E A is the activation energy and R is the gas constant) remains constant but the intercept (log A, where A is the frequency factor) increases.
DISCUSSION
Mutagenic analysis reveals that the region of human RAP74 between T154 and M177 is important both for stimulating the rate of elongation by RNA polymerase II and for supporting productive initiation (Fig. 4) . To measure initiation, a pulsechase protocol in which elongation was blocked beyond the first nine phosphodiester bonds from the adenovirus major late promoter was used (Fig. 4B) . In other work, we have demonstrated that the L155A and I176A mutants from this region of RAP74 are defective in formation of the first phosphodiester bond from the adenovirus major late promoter (32) . We have further shown that the defect of the L155A and I176A mutants in formation of short C14 and C15 transcripts can be attributed to their prior defect in first-bond formation (32) . These previous abortive and productive initiation assays were done in a system of recombinant general transcription factors and purified RNA polymerase II using a supercoiled DNA template. Differences in the magnitude of mutant defects in that study and this study are probably attributable to the use of supercoiled templates in the previous study. As we argue in that paper, untwisting of the DNA helix may partially complement TFIIF function in initiation. The defect of RAP74 mutants in supporting elongation by RNA polymerase II appears to mimic their defect in formation of the first phosphodiester bond from the adenovirus major late promoter.
Although the elongation and initiation assays are very different, the similarities in the effects of RAP74 mutants are striking. Clearly, TFIIF performs very similar functions during different phases of the transcription cycle. In this study, the accurate initiation assay was done in a reconstituted human cell extract system. Transcription from the adenovirus major late promoter was dependent on ATP hydrolysis, on all of the general transcription factors (TFIIA, TFIID, TFIIB, RNA polymerase II, TFIIF, TFIIE, and TFIIH), and on the presence of the DNA binding site for the transcriptional regulator USF/ MLTF (upstream sequence factor/major late transcription factor) (data not shown). Many general factors and regulatory proteins, therefore, could modulate TFIIF activity in this system. On the other hand, in the elongation stimulation assay, complexes were washed with 1% Sarkosyl and 0.5 M KCl buffer. After dissociation of elongation and termination factors and readdition of TFIIF, the crucial macromolecular components of elongation reactions are likely to be RNA polymerase II, template DNA, RNA, and TFIIF. It is therefore a surprise that results with the initiation and elongation assays mirrored one another so closely (Fig. 4A) . In these assays, TFIIF activity appeared to be mediated primarily through interactions between TFIIF and RNA polymerase II and/or the DNA template, the common components of the elongation and initiation systems.
The T154 to M177 region of RAP74 is conserved in evolution, and the overlapping region between A157 and K183 is predicted to be alpha-helical (Fig. 4C) . Of the single amino acid substitutions tested, L155A, W164A, N172A, I176A, and M177A caused the greatest defects in transcription, indicating that these amino acid side chains are most important for the function of this region of RAP74 in transcription. The activities of these mutants were very similar to the activity of the RAP74 (1-158) deletion mutant, from which most of this critical region is removed. Many other mutations between T154 and M177 have significant effects on elongation and initiation. Even the most severely affected mutants appear to enter transcription complexes with wild-type affinity (32) . Assuming that the A157-to-K183 region is alpha-helical, there is no particular relationship between the face of the helix on which side chains are displayed and the observed defects of these mutations in transcription. Notably, of the positions at which substitutions have the greatest effects, W164 would be located on the opposite side of a helix from L155, N172, I176, and M177. In the future, a molecular structure of TFIIF will assist in the full interpretation of mutations in this critical region of RAP74.
Site-specific DNA-protein photo-cross-linking studies indicated that the region of RAP74 between amino acids 172 and 205 is critically important for forming a tight wrap of adenovirus major late promoter DNA around a preinitiation complex containing TBP, TFIIB, RNA polymerase II, RAP30, and TFIIE (34) . Because the RAP74(1-172) and RAP74(1-158) deletion mutants have very similar activities in elongation stimulation and accurate initiation to the L155A, W164A, N172A, I176A, and M177A substitutions (Fig. 4A) , both of these deletions appear to inactivate the T154-to-M177 region of RAP74. In photo-cross-linking studies, the RAP74(1-172) mutant assembles into the preinitiation complex but fails to support a tightly wrapped structure and fails to support formation of many specific photo-cross-links to general transcription factors and RNA polymerase II within the core promoter. RAP74 , on the other hand, appears to support DNA wrapping with the same efficiency as wt RAP74. RAP74(1-205) is not as active in transcription as wt RAP74, but its transcriptional defect has not yet been revealed in photo-cross-linking experiments. The interpretation of the photo-cross-linking data was that the region of RAP74 between amino acids 172 and 205 is critically important for forming the tight DNA wrap around RNA polymerase II and for isomerization of the preinitiation complex. Isomerization was hypothesized to include tight wrapping of promoter DNA around the general factor complex and bending of DNA through the RNA polymerase II active site. The region between T154 and M177, which we have identified by mutagenic analysis, appears to correspond to this region of RAP74 that is critically important for isomerization.
Because RAP74 mutants that are defective in isomerization of the preinitiation complex have such similar defects in initiation and elongation, these mutants may also fail to properly isomerize the elongation complex. In Fig. 4A , we show that a large panel of TFIIF mutants have very similar effects in initiation and elongation. E. coli RNA polymerase (11) and yeast RNA polymerase III (24) have been shown to elongate transcription by branched kinetic pathways in which the RNA polymerase converts between active and inactive conformations. Based on these previous reports for other multisubunit RNA polymerases and the data presented in this paper, a branched kinetic model for elongation by RNA polymerase II is proposed (Fig. 8) . Like E. coli RNA polymerase and yeast RNA polymerase III, RNA polymerase II elongates transcription asynchronously, as if RNA polymerase II partitions between the active, isomerized form of the elongation complex (EC*) and the inactive, stalled form (EC) during elongation. In this model, the rate of phosphodiester bond synthesis for the next NTP to be added to an RNA chain (length, n bases) is represented by k*(n ϩ 1). Conversion of EC*(n) and EC(n) occurs through rate constants k i (n) and k Ϫi (n), respectively. In this model, transcriptional pausing occurs at positions at which k*(n ϩ 1) is slow, k Ϫi (n) is fast, and/or k i (n) is slow, relative to other positions in the RNA chain.
TFIIF binds to the stalled elongation complex (Fig. 5C and  D) , but exchange of TFIIF samples on stalled complexes was observed (Fig. 6A) . During elongation, however, wt TFIIF was found to be resistant to exchange with the defective I176A mutant (Fig. 6B) . The I176A mutant, on the other hand, appeared to be rapidly replaced by wt TFIIF when wt TFIIF was added to elongating complexes that previously had been satu-rated with the I176A mutant. These results can be explained in terms of the kinetic model shown in Fig. 8 . wt TFIIF is proposed to stabilize the EC* form of the elongation complex. In the presence of wt TFIIF, therefore, the elongation complex rarely exits the EC* state. We propose that in the EC* state, little or no exchange of TFIIF occurs. In the presence of the I176A mutant, however, the elongation complex is not efficiently held in the EC* state and often lapses into the EC state, in which exchange with competitor TFIIF can occur. The transcriptionally inactive EC state is proposed to be similar in conformation to the stalled elongation complex formed in the absence of added NTPs. The experiment represented by Fig.  6A indicates that wt and mutant TFIIF can be exchanged on the stalled U20 complex, at least over a period of 5 min of incubation at a 10-fold molar excess of mutant-to-wt TFIIF. The experiment represented by Fig. 6B , however, demonstrates that during elongation wt TFIIF is highly resistant to exchange with the I176A mutant. In contrast, the I176A mutant appears to be rapidly displaced by wt TFIIF during elongation. This work supports the idea that stalled elongation complexes (EC) are conformationally distinct from elongating complexes (EC*) and that wt TFIIF stimulates elongation by stabilizing the activated conformation of RNA polymerase II (EC*).
The temperature dependence of the average rate of RNA polymerase II elongation (Fig. 7B) provides further evidence for the conformational elongation model. Arrhenius analysis showed that TFIIF does not affect the average activation energy for the elongation reaction. Instead, TFIIF increases the frequency factor, which represents the population of RNA polymerase II elongation complexes that are active for elongation. According to the kinetic model in Fig. 8, this would be the population of molecules in the EC* state. The I176A mutant supports elongation by RNA polymerase II with the same activation energy as that of wt TFIIF. The mutant supports a lower frequency factor, however, indicating that the mutant stabilizes a smaller population of RNA polymerase II molecules in the EC* state. Because TFIIF appears to affect the fraction of molecules in the EC* state, TFIIF appears to stimulate elongation by accelerating k i and/or inhibiting k Ϫi . TFIIF does not appear to affect k*(n ϩ 1), the rate of phosphodiester bond formation. If TFIIF affected the chemical step, TFIIF would alter the activation energy for the polymerization reaction and TFIIF would also be expected to affect the selection of pause sites by RNA polymerase II. The experiment represented by Fig. 1 indicated that RNA polymerase II selects similar pause sites in the presence and absence of TFIIF. Based on these experiments, TFIIF does not appear to have a direct effect on catalysis during elongation. This result is consistent with the previous suggestion that the active site of multisubunit RNA polymerases is concealed behind a sliding processivity clamp that binds both downstream template DNA and the exiting RNA chain during elongation (26) (27) (28) . TFIIF appears to accelerate elongation by stabilizing the active conformation of the RNA polymerase II elongation complex.
